We studied factors contributing to the initiation of fracture and failure of a zirconia ceramic femoral head. The materials retrieved during a revision total hip replacement were submitted to either visual, stereomicroscopic and scanning electron microscopy (SEM) or SEM and energy-dispersive x-ray analysis. X-ray diffraction was performed in order to investigate the extent of tetragonal to monoclinic phase transition. Histological examination was performed on the periprosthetic tissues.
We studied factors contributing to the initiation of fracture and failure of a zirconia ceramic femoral head. The materials retrieved during a revision total hip replacement were submitted to either visual, stereomicroscopic and scanning electron microscopy (SEM) or SEM and energy-dispersive x-ray analysis. X-ray diffraction was performed in order to investigate the extent of tetragonal to monoclinic phase transition. Histological examination was performed on the periprosthetic tissues.
The results showed that failure was due to the propagation during clinical use of defects which may have been introduced into the material during the processing of the ceramic, rather than those intrinsic to zirconia. The literature relating to previous failures of zirconia components is reviewed.
Zirconia ceramic (Y-TZP, Y-ttria-stabilised tetragonal zirconia polycrystal) 1 has been used for implantable devices because of its strength which is based on tetragonal-to-monoclinic (T-M) phase transition of the metastable tetragonal grains. [2] [3] [4] The main application of zirconia as a biomaterial is in femoral heads for total hip replacement (THR) and a variety of other implantable devices in orthopaedics and dentistry [5] [6] [7] [8] [9] [10] (Table I) . To date, more than 500 000 ceramic femoral heads have been made by manufacturers in Europe, Japan and the USA. 2 There have been few reports in the literature of fractures of zirconia [11] [12] [13] [14] [15] while several papers have reported wear of ultra-high molecular-weight polyethylene (UHMWPE) which is the standard counterface to zirconia heads, [16] [17] [18] [19] [20] associated in some series with an increase in surface roughness or decrease in hardness 21 with T-M surface phase transition. Some of these studies have reported that the zirconia heads were black in colour. This feature, which does not affect the mechanical properties, 22 was observed in some early zirconia biomaterials and may have been due to surface reduction reactions during sintering or to the interaction of photons with rare earth impurities, such as praseodymium, during gamma sterilisation.
These observations caused anxiety about the risk of spontaneous T-M phase transition in zirconia ceramics which may occur to a variable extent, 23 depending on the basic materials and mode of processing. It is also known that additives such as CeO 2 or Al 2 O 3 inhibit T-M transition [24] [25] [26] as does the spatial distribution of the phase-stabilising oxide which occurs in yttria coated powder. 27 With these considerations in mind we have investigated the cause and the mechanisms which led to the fracture of a zirconia femoral head 34 months after surgery.
Case report
In May 1999, a 28 mm zirconia femoral head was implanted into a 58-year old patient in the course of replacement of the left hip because of osteoarthritis. It was applied to a cementless stem (Geomodular Medinov; DePuy, Warsaw, Indiana) and articulated with the UHMWPE insert of a metal-backed cup (Duraloc; DePuy) of diameter 52 mm). Fixation of the socket was enhanced by three screws.
In 2000, the surgeon warned his patient about the risk of fracture of the ceramic head, following a hazard warning by the manufacturer of the prosthesis. However, the patient decided not to have his asymptomatic, well-functioning hip revised. In March 2002 he heard a sudden loud noise in the left hip followed by pain, limitation of movement and a 'click' during gait. He was seen two months later and radiographs ( Fig. 1) showed fracture of the head into many fragments, with no sign of osteolysis.
During revision surgery, besides the shattered femoral head (Fig. 2) , there was extensive metallosis in the periprosthetic tissues and severe damage to the taper of the stem. The THR was revised to a Furlong prosthesis (London, UK) with a cobalt-chromium head and a cementless socket, fixed by three screws. The post-operative recovery was uneventful and at followup at 15 months no problems had been encountered.
Analysis of materials.
At the time of revision the socket, the stem, the fragments of the zirconia ball and periprosthetic tissues were retrieved and sent for analysis, following a specific protocol for prosthetic implant retrieval in accordance with the standard ISO 12891. 28, 29 The materials underwent visual, stereomicroscopic and scanning electron microscopy (SEM) or SEM and energy-dispersive x-ray analysis (EDAX). Ceramic samples. Visual and stereomicroscopic analysis of ceramic fragments were used to detect the pattern of fracture. Selected sections were cut following a standard laboratory procedure designed to avoid subcritical crack growth during preparation, and then analysed by field emission gun scanning electron microscopy (FEG-SEM) (LEO 1520, Oberkochen, Germany) with a backscatter Centaurus detector (KE Developments, Cambridge, UK). The microstructure of the samples was observed on polished, uncoated surfaces after thermal etching at 1200˚C/hour. Grain size was measured by SEM-coupled image analysis using the linear intercept method. The concentration of monoclinic phase in samples was measured by x-ray (D 8Advance; Brucker AXS, Madison, Wisconsin) linked to Diffrac software (Brucker AXS). Tissue samples. Periprosthetic tissue membranes were studied using optical microscopy in transmitted and polarised light and by EDAX-coupled SEM (Philips 515, Eindhoven, The Netherlands). Samples for transmitted and polarised light microscopy were fixed in 10% formalin, decalcified in ethylenediaminetetracetate, dehydrated and embedded in paraffin, sectioned into slices 3 to 5 µm in size and stained with haematoxylin and eosin. Tissue specimens for SEM were fixed in Karnosky's solution, dehydrated using increasing concentrations of ethanol (70%, 75%, 95% and 100%), then covered with colloidal palladium. EDAX was used to detect the chemical composition of the debris.
Results
Visual inspection. At the time of revision surgery, fracture of the Y-TZP femoral head, coupled with extensive abrasion of the taper and damage of the UHMWPE liner, were observed. The metal back did not appear to be abraded. The most striking feature was the extensive metallosis in the periprosthetic tissues. The retrieved fragments of the zirconia head are shown in Figure 2 . The external spherical surface of the femoral head and its fracture surfaces showed transferred metal layers. Pattern of fracture. The revision surgery was performed two months after the failure of the head. In the interval rubbing of fragments against each other and against the taper induced chipping and further damage to the surfaces of the fracture. Moreover, several small fragments were lost during revision surgery.
Laboratory tests have shown that the primary fracture of ceramic heads is characteristically parallel to the main axis of the head. 30 In our retrieved fragments this feature was observed in only one fracture surface; the counterface was lost. The taper surface was damaged in all fragments. In the largest fragment its surface was severely worn indicating degradation of material properties in the core of the ceramic head. X-ray diffraction of the ceramic fragments. Monoclinic phase concentration on the originally polished external surface was limited to about 4%, while concentrations of up to 60% were measured on the taper surface. On the other hand, the ceramic on the Fig. 1 Photograph of fragments of the retrieved head.
Pre-operative radiograph showing the fractured ceramic head. Fig. 2 surface of polished sections cut from most of the femoral head, was formed by tetragonal grains only (Fig. 3) . FEG-SEM analysis of the ceramic. The material in the taper was formed by agglomerates of submicron-sized grains of diameter about 10 µm (Fig. 4) , in a matrix showing a fine and even residual porosity, crossed by cracks (Fig. 5) . The porous matrix appeared dark on the SEM images because of the residue of organic binders from the polish used in the preparation of the samples. This porous zone extended up to 0.5 mm beneath the original surface of the taper (Fig. 6) . Grains in the agglomerates and in the dense part of the head were of the same size (0.301 ± 0.007 vs 0.292 ± 0.013 µm).
Histological findings. Histological examination of the retrieved tissue showed many mononuclear histiocyte-like cells in a stroma of collagen fibres. Metal particles were observed inside these cells or close to vessels scattered through the stroma (Fig. 7) . Zirconia particles could be grouped into two sizes, less than 2 µm in diameter and yellow-amber in colour, and more than 10 µm and dark in colour. Under polarised light ceramic particles showed a weak birefringence, slightly different from that typically exhibited by polyethylene particles. In our case, no giant cells were observed in the membrane. SEM-EDAX of periprosthetic tissues showed that the zirconia particles either had a polygonal shape or, more rarely, were rounded. Smaller particles were usually scattered within the Diagram of the content in the monoclinic (M) phase measured in different surfaces of the fractured head.
Photograph of an agglomerate surrounded by low-density material. tissue, but they also appeared as aggregates measuring 10 to 15 µm in diameter.
Discussion
Based on the information sent to the patient in January 2003 by the surgeon who performed the primary surgery in 1999, and on the data regularly updated by Agence Française de Sécurité Sanitaire des Produits de Santé (AFFSPS), the ceramic head belonged to a batch in which there had been fractures in 42% up to March 2003, and all of which had occurred between 21 and 46 months after surgery. This batch of heads was manufactured by the following process 1) powder batch preparation; 2) spray-drying granulation of the powder; 3) pressing of the granulate into a ball shape reaching a density of about 50% theoretical density (TD); 4) thermal treatment (presintering) in a continuous (tunnel) furnace, reaching a density ≥95% TD (intermediate density); 5) full densification by hot isostatic pressing in gas (e.g. 1200˚C, 1000 MPa) reaching a density of about 100 TD (final density); 6) grinding and polishing of the ball to the final diameter, roundness and roughness; 7) hard matching of the taper within the ball; and 8) proof testing, laser marking and final inspection. Our analyses of the removed specimens showed that the crack which led to the fracture started at the surface of the taper and had the same heterogeneous structure as the core of the head, as seen on SEM (Figs 4 to 6) . During powder-compaction to form the ball, an uneven radial distribution of density may have occurred and persisted after presintering. The homogeneous size of grain agglomerates in the centre of the ball, about 10 µm, suggests that they may have been residuals of the powder granulation process by spray drying. The defects did not 'heal' during the fast presintering cycle in the tunnel furnace used in place of the usual batch furnace (kiln). A retrospective study has shown a correlation between the high rates of fracture of zirconia femoral heads and the low intermediate density after presintering.
The head undergoes hot isostatic pressing performed to achieve very high density to enhance the reliability of the ceramic components. 31 In order to achieve uniform density by hot isostatic pressing it is mandatory that high-pressure gas (1000 MPa) does not enter the presintered ceramic. It is necessary to achieve closed porosity at the surface during presintering, when the ceramic displays an intermediate density.
It is likely that closed porosity was not achieved in the case of this femoral head. Furthermore, high-pressure gas may have entered the core of the material during hot isostatic pressing, and its microstructure may have remained heterogeneous. The drilling of the head for the taper, in the presence of sintering defects, may have enhanced the development of microcracks without affecting the short-term mechanical properties. Subcritical crack growth does occur on clinical use, as a result of the tensile stresses on the taper surface in a wet environment. In these conditions the T-M and spontaneous transition of unconstrained tetragonal zirconia grains at the cracked surfaces may occur and propagation of the crack, enhanced by cyclic stresses, eventually leads to fracture several months after surgery, as in this case.
The fracture of the head resulted in the release of abundant debris of inert materials, mainly ceramic and metal into the joint space. Polyethylene particles were not detected. Most of this debris may have been generated in the two-month interval between the fracture of the head and revision surgery. Diffuse metallosis was observed locally, attributable to the rubbing of fragments against the naked taper and neck of the stem. Histological examination of periprosthetic tissues showed the prevalence of mononuclear cells containing metal and ceramic debris in the absence of polynuclear giant cells. Some vessels were seen containing or surrounded by metal particles but not by ceramic particles.
Notwithstanding the presence of considerable ceramic and metal debris, there were no osteolytic lesions either in the femur or in the acetabulum. This absence of osteolysis may have been related to the short period of poor function with the broken head, but also to a low risk of bone resorption in zirconia-polyethylene coupling reported even at follow-up at five years. 17, 32 However, it may also have been related to the absence of giant cells as observed in experimental studies in which the periprosthetic tissues were seeded with ceramic particles in the absence of metals and polymers. Based on the experimental findings and on the mechanisms discussed it may be concluded that the critical crack started from the taper surface. The ceramic head is subjected to the highest tensile stresses in the presence of non-homogeneous material, produced during ceramic processing. In a physiological wet environment the cyclic loading contributed to slow propogation of cracks leading to delayed fracture of the head. The T-M transition, measured on the inner surfaces probably, due to the lack of matrix constraint in the wet environment, played a secondary role in the fracture of the component. The tissue reactions observed in this case are not specific to zirconia debris.
It is worth noting that T-M transition was observed on the already cracked surfaces but not on the external polished surface of the ball head. The degradation of the properties which led to the fracture cannot be linked to the metastable nature of zirconia, which can be exploited to enhance the mechanical properties of ceramic components in many biomedical and engineering applications. The results of our examination of the retrieved fragments, emphasises the importance of accuracy in process control and validating in the production of 'high-tech' ceramic materials.
No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject os this article.
